PURPOSE. Carbonic anhydrases play a central buffering role in current models of fluid transport in corneal endothelium, but in humans, clinical use of carbonic anhydrase inhibitors (CAIs) for the management of glaucoma does not cause corneal swelling. This study compares species differences in response to CAIs in human versus bovine corneal endothelial transport.
PURPOSE. Carbonic anhydrases play a central buffering role in current models of fluid transport in corneal endothelium, but in humans, clinical use of carbonic anhydrase inhibitors (CAIs) for the management of glaucoma does not cause corneal swelling. This study compares species differences in response to CAIs in human versus bovine corneal endothelial transport.
METHODS. Short-circuit current (I sc ) measurements were performed on bovine and human corneal endothelium under identical conditions. The effects of four CAIs (acetazolamide, brinzolamide, dorzolamide, and ethoxzolamide) were measured. Endothelial expression of carbonic anhydrase II and IV was evaluated by immunofluorescence microscopy. Functional presence of carbonic anhydrase activity was determined using the Hansson's cobalt sulfide histochemical method.
RESULTS. All four CAIs decreased bovine I sc (% change in I sc : acetazolamide, À21.0 6 9.5, n ¼ 8; brinzolamide, À35.5 6 13.5, n ¼ 9; dorzolamide, À33.6 6 7.2, n ¼ 8; ethoxzolamide, À35.3 6 12.9, n ¼ 8). That decrease was not present in humans (% change in I sc : acetazolamide, 16.2 6 20.1, n ¼ 3; brinzolamide, 6.7 6 13.9, n ¼ 3; dorzolamide, 8.0 6 20.4, n ¼ 3; ethoxzolamide, À4.8 6 10.3, n ¼ 2). Despite no functional effect of CAIs on I sc , both carbonic anhydrase II and IV were present in human corneal endothelium by immunofluorescence microscopy. Histochemical analysis of human corneal endothelium revealed functionally active carbonic anhydrase activity inhibited by brinzolamide.
CONCLUSIONS. Carbonic anhydrase facilitates ion transport impacting the corneal endothelial I sc in bovine but not human corneal endothelium, despite its presence and functional activity in human tissue. This finding supports the clinical observation of no corneal swelling in humans administered CAIs and suggests that alternative ion transport mechanisms may be operational in corneal endothelium of different species.
Keywords: corneal endothelium, carbonic anhydrases, ion transport, human T he carbonic anhydrases are a pervasive family of enzymes in eukaryotes and prokaryotes that facilitate the bidirectional conversion of CO 2 and H 2 O to H þ and HCO 3 À . In the corneal endothelium, carbonic anhydrase facilitates fluid transport to maintain corneal stromal deturgescence. The two main models developed from experimentation on rabbit and bovine corneas involve either anion or lactate secretion with obligatory water secretion. 1 In the anion secretion model, HCO 3 À and Cl À are loaded into the cell across the basolateral membrane through the concerted actions of the Na Both of these models support the finding of corneal swelling on application of carbonic anhydrase inhibitors (CAIs) in rabbit corneas both in vitro and in vivo. [2] [3] [4] These models of carbonic anhydrase involvement in corneal endothelial fluid transport developed from animal studies fail to account for a common human clinical observation. Carbonic anhydrase inhibitors are used frequently for the treatment of glaucoma, but corneal endothelial function is rarely disrupted. [5] [6] [7] Corneal swelling in response to CAIs has been noted under conditions of endothelial compromise, such as with corneal guttata. 7 Although there are several case reports of CAIs causing corneal edema, those corneas were also under additional stress of endothelial compromise from conditions such as low endothelial cell density, prior penetrating keratoplasty with allograft rejection, or uveitis. [8] [9] [10] [11] Although carbonic anhydrases have been identified in human corneal endothelium, their functional roles in normal corneal physiology are unknown. 12 To decipher the physiologic role of carbonic anhydrase, in this study, we evaluate the effects of four CAIs on human and bovine corneal endothelium. We use the Ussing chamber short-circuit current technique with fresh bovine and human corneal tissue. We find significant species differences in the effects of the CAIs. Our findings support the basic clinical observation in humans that CAIs do not alter net fluid transport in the cornea.
METHODS

Human and Bovine Tissue
Research protocols were approved by the Research and Development Committee of the Veterans Affairs Western New York Healthcare System Medical Center (Buffalo, NY, USA). Human corneas not suitable for transplantation stored in Optisol GS (Bausch and Lomb, Rochester, NY, USA) or Eusol (Alchimia, Padova, Italy) at 48C were procured from Upstate New York Transplant Services (Buffalo, NY, USA). Bovine eyes were procured from regional abattoirs, brought to the laboratory on ice and used for experimentation within 12 hours postmortem.
Solutions and Drugs
The normal physiologic solution used for recordings was a modified Ringer's solution consisting of (in mM) the following: 111.6 NaCl, 29 NaHCO 3 , 4.8 KCl, 1.0 CaCl 2 , 0.8 MgCl 2 , 0.9 NaH 2 PO 4 , 10 HEPES, and 5 glucose, bubbled with 5% CO 2 /95% air, at pH 7.5. Bicarbonate-free Ringer's solution was prepared by omitting NaHCO 3 , increasing HEPES to 20 mM and bubbling with 100% air with pH adjusted to 7.5. Addition of HCO 3 À (as NaHCO 3 ) up to 12 mM to this solution did not appreciably change pH. Drugs were as follows: acetazolamide, brinzolamide, ethoxzolamide, and ouabain, purchased from SigmaAldrich (St. Louis, MO, USA), and dorzolamide was purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA).
Using Chamber Short-Circuit Current Instrumentation
Short-circuit current experiments were performed with the EasyMount Ussing chamber system (P2300 chambers; Physiologic Instruments, Inc., San Diego, CA, USA). Measurements were acquired (VCC MC6 Multichannel Voltage/Current Clamp; Physiologic Instruments, Inc.) and digitized under the control of Acquire and Analyze software (Physiologic Instruments, Inc.) run on a personal computer. Modifications were made to optimize short-circuit current (I sc ) measurements from the low-resistance corneal endothelial tissue. 13 The currentpassing and voltage-sensing electrodes placed within the recording chamber were gel-loading pipette tips cut with a long bevel to fit within the chamber. The tips were plugged with 3% agar prepared in Ringer's solution and back-filled with Ringer's solution. The current-passing electrodes were Ag/ AgCl. The voltage-sensing tips connected to tubing filled with Ringer's solution mating with 3-cm bridges of 3% agar in Ringer's solution and then tubing filled with 3-M KCl connecting to calomel electrodes. To establish stable salt gradients, the apparatus was equilibrated at least 12 hours before experimentation.
Tissue Preparation
Bovine corneal tissue was prepared as follows. A 3608 conjunctival peritomy was performed to expose bare sclera around the limbus. The anterior chamber was injected by the limbus with Ringer's solution to achieve a modestly firm IOP to allow subsequent removal of the epithelium by mechanical scraping with a surgical blade. The corneoscleral button was then removed following a 3608 scleral incision approximately 4 mm posterior to the limbus. The corneoscleral button was placed endothelial-side up in a Petri dish and kept moist with Ringer's solution. A central square of corneal endothelium with attached stroma was cut with razor blades and placed into the Ussing chamber tissue holder with a small ring of silicone grease on the stromal side and a silicone o-ring on the endothelial side to minimize edge damage. The recording aperture of the holder was 0.30 cm 2 . Human corneal tissue was removed from the storage solution and equilibrated through two Petri dishes of prewarmed Ringer's solution over approximately 15 minutes. In the interim, the cornea was briefly mounted on an artificial anterior chamber (Katena Products, Inc., Denville, NJ, USA) filled with Ringer's solution to facilitate mechanical removal of the epithelium by scraping with a surgical blade. Initial experiments were performed by mounting the human cornea on the 0.30 cm 2 holder used for bovine experimentation by removal of the scleral rim and placement of peripheral relaxing incisions to allow the tissue to flatten in the holder. Subsequent experiments used a holder specifically machined to accommodate the curvature of the cornea and scleral rim (obviating the need for relaxing incisions), allowing a 0.85 cm 2 recording aperture.
Short-Circuit Current Recordings and Data Analysis
The prepared tissues were placed within the Ussing chambers and mounted on a heating block stand. Each chamber was filled with 5 mL Ringer's solution maintained at 35 to 368C. Bubble lift with humidified 5% CO 2 /95% air (or 100% air for bicarbonate-free Ringer's) allowed mixing and gassing of the solutions in the chambers. Tissues were voltage-clamped and equilibrated for 20 to 30 minutes until stable plateaus in I sc values were achieved. Selected drugs were then added to the chamber facing the apical side of the endothelium. Drug additions were separated by at least 10 minutes. Percent drug effect was determined by measuring the change in I sc from initial plateau to 10 minutes after drug addition, dividing by the total I sc (initial plateau minus final value after ouabain addition) and multiplying by 100. Although I sc approached zero following ouabain addition, we noted systematic variability between the recording chambers with greater offset in one compared with the other under identical conditions. Because the corneal endothelium is a low-resistance tissue with small I sc , small drifts in electrode junction potentials lead to small differences in electrode asymmetry during experiments. Therefore, we calculated a mean and SD of final I sc offset value following ouabain addition for more than 60 consecutive experiments for each set of electrodes. Only data falling within 1 SD of the mean for each electrode pair was included in quantitative data analysis.
Immunofluorescence Localization
Human corneas were incubated in Ringer's solution at 378C for 30 minutes followed by fixation in 3% paraformaldehyde and mounting in optimal cutting temperature (OCT) embedding medium (Tissue-Tek; Sakura Finetek USA, Inc., Torrance, CA, USA) for frozen sectioning onto glass slides. Slides were dried at 378C for 1 hour. After one rinse in PBS, sections were permeabilized for 5 minutes in 0.1% Triton X-100 and rinsed twice in PBS. Sections were blocked in 10% normal goat serum (for carbonic anhydrase II [CAII] antibody samples) or 10% normal donkey serum (for CAIV antibody samples) for 30 minutes before incubation in primary antibody for 2 hours at room temperature (rabbit anti-CAII, 1:100, sc-25596; Santa Cruz Biotechnology, Inc.) or 378C (goat anti-CAIV, 1:100, sc-17247; Santa Cruz Biotechnology, Inc.). After three additional washes in PBS, sections were incubated 1 hour at room temperature with fluorescently conjugated secondary antibody (goat anti-rabbit IgG-Alexa 568, 1:1000; Invitrogen, Grand Island, NY, USA; donkey anti-goat IgG-FITC, 1:100, Santa Cruz Biotechnology, Inc.). Samples were washed in PBS three times, then mounted in Vectashield with 4 0 ,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Inc., Burlingame, CA, USA). Images were acquired by epifluorescence microscopy (Zeiss Axio Observer; Carl Zeiss, Jena, Germany).
Histochemical Stain for Carbonic Anhydrase Activity
Tissues for histochemical staining of carbonic anhydrase activity were prepared as follows. Human corneal tissue was incubated in either Ringer's solution with addition of 100 lM of a CAI (brinzolamide or dorzolamide) or vehicle (dimethyl sulfoxide [DMSO] or water) for 30 minutes at 378C. Tissues were then fixed in 3% paraformaldehyde for 30 minutes, rinsed in PBS twice and then mounted in OCT embedding medium for frozen sectioning.
Histochemical stain for carbonic anhydrase activity in human corneal tissue samples was performed according to published techniques with modifications as described here. 14, 15 Frozen sections (12-lm thickness) were cut on a cryostat, immediately transferred flat onto a thin support mesh (matte tulle, 100% nylon; Jo-Ann Fabric and Craft Stores, Hudson, OH, USA), transferred to microfuge tubes, and kept frozen (on dry ice for transport and at À808C in the laboratory) until use. Solutions for Hansson's stain were prepared fresh immediately before use. A cobalt solution was prepared by combining 5.0 mL 0.2 M CoSO 4 , 30.0 mL 0.53 M H 2 SO 4 , 15.0 mL 67 mM KH 2 PO 4 , and 30 mL H 2 O. Sodium bicarbonate (0.38 g) was dissolved in 20 mL H 2 O in a 50-mL Erlenmeyer flask with moderate stirring. Once dissolved, 8.5 mL of cobalt solution was added to the flask, mixed with moderate stirring for 4 minutes, and allowed to stand for 4 minutes. This reaction mix was then immediately transferred to wells in a 6-well plate (10 mL/well). A CAI (either 100 lM brinzolamide or 100 lM dorzolamide) or control (water or DMSO) was added to each well. A circle of thin nylon support mesh the size of the well was overlaid on the surface of the reaction mixture and the mesh with the frozen tissue section was placed tissue-side down on top of that immediately on removal from storage at À808C. The tissue released from its original support and floated on the surface of the reaction mix above the larger circle of mesh in the well. This support was used to transfer the tissue between solutions until the end of the reaction and washes. The tissue was incubated in reaction mix for 2 minutes followed by a 1-minute wash in 10% sucrose. Samples were then incubated for 2 minutes in 2% ammonium sulfide and washed three times in 10% sucrose for 1 minute each. Samples were mounted on microscope slides with Vectashield mounting medium with DAPI (Vector Laboratories, Inc.). Specimens were examined by microscopy for deposition of black precipitate in regions of carbonic anhydrase activity.
RESULTS
Characteristics of Human Donor Corneal Tissue
The optimal criteria for I sc recordings from eye bank-stored human donor corneal tissue has not been established. From our initial recordings, we determined that the most stable recordings were obtained from tissue with a death-to-preservation time of less than 12 hours and when experiments were performed within 7 days postmortem. Longer time periods did not preclude good measurements, but quality of the results was more variable. Donor age or IOL status (phakic or pseudophakic) did not have any apparent influence. The most common reasons the tissues were not used for transplantation were positive blood cultures or corneal infiltrates. These small peripheral infiltrates did not affect the I sc recordings. Characteristics of the human corneal tissues used for these experiments are summarized in Table 1 .
To establish whether the corneal tissue storage solution was influencing the physiologic recordings, three pairs of corneas were selected with one cornea of each pair being maintained at 48C in storage solution while the other cornea was cultured at 378C for 4 to 8 days in a 5% CO 2 The I sc for both bovine and human corneal endothelial recordings was noted to stabilize within 20 to 30 minutes of placement in the recording chambers. During this period, there was an increase in I sc and a decrease in resistance followed by a plateau. Ouabain, a blocker of the Na
ATPase, which is central to maintaining gradients for Na þ and K þ and cell membrane potential, was added at the conclusion of recordings to determine the baseline (zero point) for calculation of the final total I sc . At the I sc plateau before experimental drug addition, the mean maximum I sc for all experiments for this study combined was 14.1 6 3.7 lA/cm 2 (n ¼ 48) for bovine and 4.8 6 3.0 lA/cm 2 (n ¼ 13) for human. The transendothelial resistance at plateau before drug addition was 18.4 6 3.0 XÁcm 2 (n ¼ 48) for bovine and 14.6 6 4.6 XÁcm 2 (n ¼ 13) for human. The average resistance was minimally affected by drug addition.
Four CAIs were tested in both species: 500 lM acetazolamide, 100 lM brinzolamide, 100 lM dorzolamide, and 100 lM ethoxzolamide. These concentrations were selected based on concentrations used in prior published studies. 2, 16, 17 Representative I sc recordings are shown in Figure 1 . All CAIs produced a decrease in bovine corneal endothelial I sc (% change in I sc : acetazolamide, À21.0 6 9.5, n ¼ 8; brinzolamide, À35.5 6 13.5, n ¼ 9; dorzolamide, À33.6 6 7.2, n ¼ 8; ethoxzolamide, À35.3 6 12.9, n ¼ 8). Acetazolamide consistently had the least effect in decreasing I sc . Brinzolamide, dorzolamide, and ethoxzolamide all produced a rapid decrease in I sc . For all CAIs, the decrease in I sc frequently produced a pattern of current overshoot followed by a sinusoidal equilibration. In contrast, no such rapid decrease in I sc was noted for human corneal endothelium. Three of the four CAIs showed a nonsignificant trend toward an increase in I sc (% change in I sc : acetazolamide, 16.2 6 20.1, n ¼ 3; brinzolamide, 6.7 6 13.9, n ¼ 3; dorzolamide, 8.0 6 20.4, n ¼ 3; ethoxzolamide, À4.8 6 10.3, n ¼ 2). For all drugs, the differences in I sc between bovine and human corneal tissue were significant (acetazolamide P ¼ 0.004, brinzolamide P ¼ 0.0009, dorzolamide P ¼ 0.0005, and ethoxzolamide P ¼ 0.02). Data are summarized in Table 2 . Addition of vehicle (DMSO or water) without drug did not affect I sc (Figs. 1B, 1C ).
Wigham and Hodson 13, 18 demonstrated in 1981 that I sc is dependent on HCO 3 À in both bovine and human corneal endothelium. The species differences in CAI effect that we observed prompted us to consider the potential contribution of carbonic anhydrase in facilitating HCO 3 À transport. Bovine corneal endothelial I sc was measured in bicarbonate-free Ringer's and monitored following the stepwise addition of NaHCO 3 with dorzolamide added before or after HCO 3 À addition (Fig. 2) . With the addition of HCO 3 À to a final concentration of 3 mM, bovine I sc was not different in the initial presence or absence of 100 lM dorzolamide (I sc at plateau with 3 mM HCO 3 À as % of I sc,max with 12 mM HCO 3 À : with dorzolamide prior ¼ 58.3% 6 6.4%, n ¼ 5; without dorzolamide prior ¼ 59.7% 6 5.0%, n ¼ 3; P ¼ 0.77). Despite the absence of bicarbonate and exogenous CO 2 , initial application of 100 lM dorzolamide resulted in a decrease in I sc . We speculate that effect may be secondary to endogenous CO 2 production. The dorzolamide effect was not seen in human corneal endothelium although a similar response was noted with increasing bicarbonate concentration (Fig. 2C) . The prominent rapid transient decrease in I sc with HCO 3 À addition was noted for all (n ¼ 3) human corneal endothelial recordings. The magnitude varied, possibly related to the rate of mixing in the chamber or to the data acquisition time points (data points were obtained every 20 seconds, thus the peaks of rapid changes may have been missed). However, such transient changes were seen infrequently and with much smaller magnitude when observed in bovine recordings. This difference may reflect alternative HCO 3 À transport and equilibration dynamics between species.
Presence and Activity of Carbonic Anhydrase in Human Corneal Endothelium
Because no effects of CAIs were noted in human corneal endothelium, we questioned if carbonic anhydrase was present in the tissue. We investigated the presence of carbonic anhydrase isoforms II and IV in human corneal endothelium by using specific antibodies for immunofluorescence localization. These experiments were performed on paired human corneas, with one cornea being used for I sc measurement to confirm lack of CAI response (data shown in Fig. 1 , brinzolamide and dorzolamide) and the other cornea of the pair being fixed for immunofluorescence localization studies. We found that both carbonic anhydrase isoforms II and IV were present in the human corneal endothelium (Figs. 3A, 3C ). Control experiments without primary antibody showed no signal (Figs. 3B,  3D ). To demonstrate whether the carbonic anhydrase present in the human corneal endothelium was enzymatically active, we used the Hansson's histochemical staining procedure for carbonic anhydrase activity. Using the same human corneal tissue as used above for immunofluorescence localization, we found that the corneal endothelium had carbonic anhydrase activity, indicated by a black precipitate that was inhibited by addition of the CAI brinzolamide (100 lM) to the Hansson's stain reaction solution (Fig. 4) .
DISCUSSION
Our data reveal a distinct species difference in the corneal endothelial transport physiology of human versus bovine corneal endothelium. That human corneal endothelial physiology would be different from other species is not surprising. Several experiments from the 1970s and 1980s described the varied electrophysiologic responses of human, monkey, and rabbit corneas at baseline, in response to extracellular pH changes and in response to adrenergic modulation. [19] [20] [21] Following such descriptions, there was no further pursuit of the underlying mechanisms for these differences. In contrast, species differences in fluid transport of the ciliary epithelium have been appreciated and accounted for in experimental design. 22, 23 Although fluid transport in rabbit ciliary epithelium is dependent on bicarbonate, in human, bovine, and porcine, it is dependent on chloride. Our data support prior observations that bovine and human corneal endothelial I sc is carried mainly by HCO 3 À . 13, 18 In addition, we show that CAI application does not prohibit an increase in I sc in response to increasing HCO 3 À concentration in both species. Thus, more than half of the short-circuit current in both species is dependent on HCO 3 À and independent of carbonic anhydrase activity.
There 4, [24] [25] [26] [27] One possible explanation for lack of CAI effect in human corneal endothelium is lack of expression of membrane transporters necessary for using the benefit of increased buffering by carbonic anhydrase. A second possibility is that higher concentrations of CAIs are necessary to see an effect on human corneal endothelium. Another possibility is that, unlike rabbit and bovine, human corneal endothelial transport uses pathways independent of a need for buffering by carbonic anhydrase. Our bovine data, consistent with previously published data, demonstrate a one-third decrease in I sc with CAIs, but two-thirds of the current remains. 28 We do not know the underlying cause of this current, but it may involve the same mechanism as the carbonic anhydrase-independent process of human corneal endothelium. The carbonic anhydrase-independent process may be independent of carbonic anhydrase catalytic activity but may still incorporate the ability of the molecule to shuttle protons to proton-dependent transporters, such as the monocarboxylate transporter. 29, 30 This ''proton-collecting antenna'' model derived from astrocytes for CAII and monocarboxylate transporter 1 may also be present in corneal endothelium. It is appealing to consider that multiple ion transport mechanisms in the corneal endothelium may be contributing to fluid homeostasis. Such reasoning might explain why individuals with corneal endothelial guttata show greater tendency to swell with topical CAIs. 7 Although this could be due to a decrease in carbonic anhydrase activity, we speculate there may be upregulation of a carbonic anhydrase-dependent mechanism in compromised corneal endothelium. It is also possible that although an increase in corneal thickness is not noted with CAIs in noncompromised human corneas, a more sensitive measurement of changes in intrastromal pressure may reveal subtle differences. 31 Human tissue research is challenging secondary to tissue availability, expense, and quality. However, our data highlight the importance of verifying observations from other species with human tissue experimentation if we are to make correlations and ultimately solve the problems of human eye disease. As demonstrated by these data, current eye-banking methodology for corneal tissue preservation extends our ability to use corneal tissue in a manner not possible several decades ago. Underlying genetic variability and potential systemic factors relating to the health of the donor may always confound the data analysis, but that variability is also within the nature of the human population we aim to understand and treat.
